In this paper, a new method for quantitative determination of fat content in goat milk at room temperature (25°C), based on the annular photoelectric sensor system, has been developed. The measurement system consists of an annular photoelectric sensor, thermoelectric cooler (TEC), amplifier, A/D converter, microprocessor and other components. Based on Mie theory, the diffuse reflection light intensity is adopted as the optical parameter representing the fat content in goat milk. In this way, the standard model of the system can be established and loaded into the processor to realize data acquisition, processing and output. The proposed method has been tested on goat milk samples with variable fat content in the prediction experiment. The results show that the fitting equation is y=20.366x + 0.295 (R 2 =0.987) and measurement errors are within 63%, which indicates that the presented method has high prediction performance and can measure the fat content in goat milk accurately and in real time.
Introduction
Milk and dairy products are important dietary sources of nutrients for humans, as they provide energy, high-quality proteins and a variety of vitamins and minerals. The nutritional advantage of goats' milk fat compared with that of cows' milk has been attributed to the smaller fat globules, which are easier to digest (Greenfield and Stout, 2014) . Goat milk is also an alternative for consumers who are either sensitive or allergic to cows' milk (Silanikove et al., 2010) . It is estimated that over 80% of the world's goat population is located in Asia and Africa (Liang and Devendra, 2014) . By deduction, it is probable that more people in the world drink milk from goats than from any other animal. New markets and uses for goat milk are also being pursued, for example, as a basis for medicinal and infant foods. Therefore, it is imperative that quality and safety of goat milk are optimized to ensure consumer confidence, owing to the growing interest in existing and new goat dairy products worldwide. However, with the rapid development of the goat milk industry, there are some problems with goat milk quality. In some countries where adulteration has occurred, water or fake milk has been added to raw milk to increase its volume (Li et al., 2015) . This phenomenon reduces the goat milk quality and seriously affects human health and benefits. In this case, it is necessary for goat milk processing enterprises and the departments of food security to study a method for measuring the fat content in goat milk quickly and accurately.
Fat is one of the most important components in the technological and nutritional quality of goat milk. Many researchers have conducted studies on goat milk and goat milk fat since the 1970s. Timms (1980) used differential scanning calorimetry to determine the melt curve of typical milk fat, and this method made it possible to identify cattle tallow, plant oil and fat from sheep and goat milk at 5-10% in cow milk fat. In the case of sheep milk fat, the Parodi (2003) method was more accurate than that of Timms. Sanz Sampelayo et al. (1998) determined the effect of different protein sources used in the diet, on milk suitability for cheese production in relation to goat milk composition, and the fat content of goat milk was measured by the Gerber method. Clark and Sherbon (2000) studied how total solids, solids-notfat, fat, protein, casein, a s1 -casein and breed influence coagulation time, coagulation rate and curd firmness of goat milk, and the fat content of goat milk was determined in duplicate using the Mojonnier ether extraction method. Li et al. (2012) used the AOAC method to measure the fat content in goat milk (Li et al., 2012) . Huang et al. (2013) used a Milkscan milk composition analyser and ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) to analyse goat milk compositions (protein, fat, somatic cell), and the results showed that the protein, fat and somatic cell of raw goat milk was 3.6%, 4.1% and 116.92 3 10 4 cells/ml, respectively. In recent years, near-infrared (NIR) spectroscopy has become an extensively used analytical technique in many industrial applications because of its rapidness and the fact that it is non-destructive to the sample (Meher et al., 2006; Nu´n˜ez-Sa´nchez et al., 2016) . Barro´n-Bravo et al. (2013) used infrared analyser Bentley equipment to determine fat and protein contents in goat milk, and estimated losses in milk yield, fat and protein components according to different levels of somatic cell count and to evaluate the influence of some variation factors on the somatic cell count in US goats. Zhang et al. (2010) employed the competitive adaptive reweighted sampling (CARS) method to improve the prediction accuracy of the NIR model of protein and fat in liquid milk. The results showed that better prediction results were obtained by CARS when compared with full spectrum partial least square modelling. Cao et al. (20112) built a calibration equation of plant protein in adulterated raw goat milk by NIR spectroscopy. The method can realize the rapid detection of plant protein in adulterated raw goat milk (Cao et al., 2012) .
The methods to measure fat content mainly include the soxhlet, saponification and ether extraction methods. The solvent-free extraction, Babcock, Gerber and instrument methods (such as infrared spectroscopy and NMR) are also widely used in research for detecting the fat concentration in milk. However, these methods have the disadvantages of being time consuming, and having high solvent consumption and complex operation, which cannot meet the needs of online measurement (Wua et al., 2008) . At present, NIR spectroscopy (Arazuri et al., 2012) , mid-infrared spectroscopy (Bastin et al., 2012) and ultrasonic analysis methods (Caredda et al., 2016) have become the main methods for milk component detection. These methods are fast and easy to operate, but cannot realize the measurement in real time.
The present study develops the method with the ideas of using the light scatter effect for analysis of goat milk quality and aims at the elaboration of a technologically simple approach to the quantitative analysis of fat content in goat milk, using an annular photoelectric sensor as the core part of the detection system. The detection system, in fact, is an inexpensive and small-sized alternative to an optical detector. The hardware of the system consists of the annular photoelectric sensor module, temperature control module, amplifier module and other components. According to Mie theory, the intensity of the diffused reflection light is adopted as the optical parameter representing the fat content in goat milk. Therefore, our system is capable of detecting intensity changes in the reflected light. The annular designed photoelectric sensor working with a thermoelectric cooler (TEC) could collect most of the light scattered by the goat milk and effectively avoid the error caused by temperature fluctuation, which guarantees the precision of the measurement data. Compared with other existing methods, the method presented in this paper is non-destructive and more reliable. Furthermore, the measurement system realized miniaturization and is portable, which has advantages of low cost, a simple procedure and can be extended to the measurement of other milky liquids.
Modelling principle
Based on diffuse reflectance measurement, we introduce several parameters of the diffuse reflectance spectrum. K is the absorption coefficient of diffuse reflectance material, which depends on the chemical composition of the sample. S is the scattering coefficient, which depends on the physical properties of diffuse reflector. R is the diffuse reflectivity, which represents the ratio of diffuse reflection beam intensity to incident intensity. The relationship among R, K and S can be expressed as:
As R is not easy to obtain, we always measure the relative diffuse reflectivity. A non-absorbing material (BaSO 4 ) is used as a reference in the NIR region. The relative diffuse reflectivity of the sample whose thickness is infinity R ' can be expressed as:
where R samp is the diffuse reflectivity of goat milk and R ref is the diffuse reflectivity of the reference material. The relative diffuse reflectivity R ' can be obtained by the following method. The BaSO 4 diffuse plane is placed in the system to measure its diffuse reflection light intensity (output voltage V ref ). Thereafter, the goat milk sample is used instead of the diffuse plane and the diffuse reflection light intensity is measured (output voltage V samp ). Then the relative diffuse reflectance R ' can be expressed as:
Similarly to the absorbance of transmitted light, the absorbance of diffuse reflection light can be defined as:
It can be seen from (4) 
The research results of tissue optics show that the relationship between the absorption coefficient K and the fat content is linear around wavelength of 1060 nm (Han, 2005) . After adding ethylene diamine tetraacetic acid (EDTA) in goat milk, the scattering coefficient is related to the size of the fat particle, and the homogenization of the goat milk samples can keep the scattering coefficient invariant (Chen et al., 2002) . Therefore, Equation (5) can be written as:
Another form can be written as:
where A is the absorbance of sample, which can be calculated by Equation (4). C p is the fat content in goat milk after adding EDTA, and k and b are the coefficients. Therefore, Equation (7) can be used as the modelling calculation formula.
Samples and measuring methods
The samples are cartons of goat milk bought from a supermarket. The main components are shown in Table 1 . It can be seen that there is 3.1 g fat in per 100 g goat milk. Pisanu et al. (2013) found that the average diameter of individual globules of fat in goat milk was 2.7360.15 mm. Other substances have a much smaller particle size than the fat and protein in goat milk. According to the Mie theory, only the big molecules can cause obvious light scattering. Compared with the fat and protein, the light scattering of the other particles can be ignored (Bogomolov et al., 2012; Qi et al., 2006) . As the scattering light of protein and fat influence each other, one component has to be dissolved into smaller molecules in order to measure the other component. Therefore, EDTA solution is added to the goat milk to dissolve the protein into smaller molecules and make the goat milk contain only one kind of large molecule, the fat.
The fat content of goat milk (C) can be calculated as:
where m fat is the mass of the fat content in the goat milk and m milk is the mass of the goat milk sample. The fat content of goat milk (C p ) after adding EDTA solution and distilled water can be expressed as:
where m EDTA is the mass of the EDTA saturated solution. The relationship between C and C p can be determined according to Equations (8) and (9):
The measurement mainly includes system calibration and prediction of goat milk samples with unknown fat content, which are: 
Measurement system

Structure of system
The reflection and scattering effect of incident light is influenced by the fat content in goat milk. At constant temperature, the higher the fat content, the larger the signal received by the sensitive module. Based on this, the annular photoelectric sensor is used in the measurement system, and the structure of the system is shown in Figure 1 . The light source module consisted of many LEDs. The light emitted by the light source is scattered by the sample. The scattering light with properties of composition in the sample will return to the optical module and finally be received by the detector. The output signal of the detector is sent to processor after being amplified by amplifier and converted by A/D converter. The processor can calculate the fat content of the goat milk samples according to the standard model and the measured data. In addition, the results can be transmitted to the shift register to be displayed. The distance between surface of the sample and sensitive module is adjusted by the lifting stage, and this distance is a constant value. The temperature of the sample is controlled by the TEC.
Light module and sensitive module
The light module and sensitive module are the core parts of the annular photoelectric sensor. The structure of the sensor is shown in Figure 2 . Making the detector the circle centre, the LEDs surround the detector regularly. This structure has the equal position relation between the light and sensitive modules, and can increase the intensity of the signal, which is output by the sensitive module. The light source and detector must be selected according to the characteristics of the sample to ensure the sensitivity of the system. Therefore, a Shimadzu UV-VIS-NIR Spectrophotometer (UV-3600, Shimazu, Japan) is used to measure the reflectance spectra of the anhydrous fat. The results are shown in Figure 3 .
In this figure, two characteristic peaks in NIR band are 1060 and 1250 nm, and the peak at 1060 nm possesses the larger peak value. Therefore, the wavelength of LED is selected around 1060 nm and the matched photodiode is selected as the detector. In this way, the effects of other components will be reduced to a minimum.
Optical module and the fixed distance
The optical module is composed of a short-focal length convex lens, and the scattering light is converged at the sensitive module by the lens. The distance between the lens and the sensitive module is fixed. For the goat milk samples with identical fat content, the photocurrent signal changes as the distance between the sensitive module and the surface of sample changes at the same temperature. Therefore, the plate made by barium sulphate is used as the standard reflection material to determine the best distance between the sensitive module and the surface of sample. The results are shown in Figure 4 , where the x-axis represents the distance between sample and sensitive module, and the y-axis represents the voltage output from the amplifier module. The output voltage signal firstly increases and then decreases as the distance increases. From the figure, we can see that the slope is at minimum when the distance is at 3.4 cm. In other words, the effect to the output signal is at minimum when the distance is set at 3.4 cm. Meanwhile, the intensity of the output signal at this distance is at maximum. Therefore, the lifting stage will make the distance between the surface of the sample and sensitive module fixed at the optimum value (3.4 cm) in the entire measurement process.
TEC temperature control module
The TEC-12704 (Zhejiang Maite Electron Co., Ltd, Zhejiang, China) is adopted as the temperature control module. It is driven by motor driver chip LMD18200 (Shenzhen Saiaosi Technology Co., Ltd, Shenzhen, China). The integrated highpower H-bridge in LMD18200 can output a bipolar current to switch the mode optionally between refrigerating or heating. The single-wire communication chip DS18B20 (Dallas, Texas, USA) is used as the temperature sensor, and its precision is as high as 0.0625°C. The microprocessor changes the duty cycle of the PWM wave according to the real-time measured temperature and thus changes the size and direction of the output current of LMD18200. It can not only refrigerate but also heat the sample so that the temperature can remain at the required value accurately. The temperature control module (TEC) ensures the accuracy of the results, as the temperature influences the measurement signal. After the samples become homogeneous, the influence of the fat particle size distribution will be reduced.
Amplifier module
The photocurrent signal outputted from the detector is amplified by the preamplifier circuit, and then the current signal will be converted to a voltage signal. This function is realized by the chopper-stabilized operational amplifier ICL 7650 (Intersil, State of California, USA). The basic advantage of the chopper stabilization of the bias voltage is reducing the bias voltage relative to the temperature drift and flicker noise. The scheme of preamplifier is shown in Figure 5(a) . The output voltage V 0 is expressed as follows:
where I s is the measured current output by the photodetector. C 1 and R 1 are in the first stage output and feedback to prevent R 2 , R 3 , R 4 and C 2 from producing self-oscillation. R 3 and C 2 are used to filter the spike noise of the operational amplifier. The second-level amplifier is shown in Figure 5 (b). The operational amplifier ICL7650 is also used here to amplify the signal. The final output voltage V out can be expressed as follows:
where V 1 represents the output voltage of preamplifier of the measurement circuit, V 2 represents the output voltage of preamplifier of the reference circuit. Making R 1 =R 2 =10 kO and R 3 =R 4 =20 kO in Equation (12), it can be written as:
A reference signal is adopted here. The difference between the reference and measuring circuits is that the reference circuit does not receive the optical signal reflected by the sample and only outputs the dark current. The other parts of these two circuits are identical. The main function of the secondlevel amplification module is to eliminate the temperature drift of the operational amplifier. The amplification function is mainly realized by the preamplifier (Zhu et al., 2014) .
Software of measurement system
The software of the system mainly includes the standard equation loading to the processor and the result display program. By using appropriate software, the standard model of the measurement system is established for calibration. The processing flow of establishment and loading of the standard equation is shown in Figure 6 . The fat content of goat milk samples can be measured and displayed on the LED. The interaction process of the LED and processor is shown in Figure 7 . Multiple measurements are taken to ensure the stability of the system. In other words, the A/D converter will collect 16 pieces of data at a time and rank them. Removing the three largest and the three smallest, the average value among the remaining 10 data points can be obtained. Ten average values can be obtained by repeating the process 10 times. Then we will obtain a final average value based on these 10 average values. The concentration of the samples can be measured according to the final average value.
Results and discussions
System calibration
Select 15 samples with different fat content and calculate the fat content (C p ). Pour the sample into a test container and fix the distance between the surface of the sample and the sensitive module. Set the temperature at 25°C. After that, measure the output voltages of different samples. The measurement results of 15 samples is shown in Figure 8 , where the x-axis represents the absorbance and the y-axis represents the fat content after adding EDTA to the goat milk.
The scattering data are linearly fitted into the red regression line in Figure 8 . The standard equation can be obtained as:
The evaluation parameters of the standard Equation (14) are shown in Table 2 : From Table 2 we can see that R and R 2 are both larger than 0.95, which provides a good linear correlation between fat content and absorbance. Furthermore, as the SEC value is very small, this also indicates a small calibration error. Under the 0.05 significance level (a = 0:05), the experimental results show that F is significantly larger than F 0:05 1, 14 ð Þ(4.56). In summary, the obtained model Equation (14) has a good linear relationship between the fat content and absorbance.
Prediction of the fat content of samples
In order to verify the effectiveness of the measurement method, the prediction experiment is carried out. We prepared eight goat milk samples with different fat content. Number the samples from 1 to 8. The system is used to measure the samples at room temperature (25°C). The measurement results and error of test samples are shown in Table 3 , Table 4 . The prediction fat content (C%) in goat milk is shown in Figure 9 , where the x-axis represents the reference fat content, the y-axis represents the prediction fat content and the line is y=x.
From Table 3 , we can see that the error range of the measurement is within 63%, and the average error is 1.632%. In Table 4 , the coefficient r p of the model equation is close to 1, which means that the relationship between prediction fat content and absorbance is proportional, and the standard error of prediction (SEP) has a very small value. From Figure 9 , we can see that the data points of the prediction experiment are all near y=x, which indicates the proposed method can measure the fat content in goat milk accurately.
We compare the measurement error in Table 3 with those measured by an electrical resistance tomography method (Sharifi and Young, 2012) and Y-type optical fibre sensor method (Zhu et al., 2015) ; the result is shown in Table 5 . Table 5 reveals that the measurement error is smaller than that of electrical resistance tomography method, but is larger than that of Y-type optical fibre sensor method. The reason is that the operation requirement based on an annular photoelectric sensor method is higher than that of Y-type optical fibre sensor method, which causes the larger measurement error.
The root-mean-square error of prediction (RMSEP) measured in this paper is also compared with those measured by spectral-sensitive pulsed photometry (Ragni et al., 2016) , optical spectroscopy (Melenteva et al., 2016) , portable shortwave NIR spectrometer method (Li et al., 2011) and NIR transmittance spectroscopy (Guo et al., 2013) . The comparison is shown in Table 6 .
From Table 6 , we can see that the RMSEP in this paper is smaller than those of the spectral-sensitive pulsed photometry, portable short-wave NIR spectrometer and NIR transmittance spectroscopy, which shows an improvement in the measurement accuracy. The RMSEP of optical spectroscopy and annular photoelectric sensor method are near, however, in the aspects of system costs and integration, and annular photoelectric sensor method is better than optical spectroscopy. Therefore, the annular photoelectric sensor method is proved reliable.
Conclusions
This study demonstrates a new method for measuring the fat content in goat milk based on the annular photoelectric sensor. The goat milk samples are homogenized, using a temperature control module. In this situation, the diffuse reflection light intensity directly correlates with the particle number, and thus can be straightforwardly converted into fat concentration. In addition, a prediction experiment is carried out to validate the effectiveness of the method.
Results show that at room temperature (25°C), significant linear relationships (R 2 =0.987) are found between the fat content and absorbance of the goat milk samples. The fitting equation is y=20.366x + 0.295, the measurement error range is within 63% and the average error is 1.632%. The results also show that the proposed method has the capability of accurately predicting the fat content and has high practical significance, considering the technical simplicity. This approach has the characteristics of strong adaptability, low cost and a simple system structure, which can be utilized for the development of compact and inexpensive analysers of milk quality, and in particular for in-line or filed measurement. 
